ABSTRACT A continuous beam scanning leaky-wave antenna (LWA) supporting lateral radiation is proposed in this paper. It is based on a spoof surface plasmon (SSP) transmission line (TL) which is a single-layer conductor structure. The proposed SSP TL is slotted periodically with rectangular holes on the metallic strip conductor. Circular patches are loaded periodically along one side of the SSP TL to achieve an additional momentum for converting the slow-wave mode to a fast-wave mode and then modulate the SSP wave into a spatial wave. The proposed SSP LWA produces a single lateral beam rather than double beams usually existed in conventional SSP LWAs, as highly desired in many applications. As operating frequencies increase from 7 to 15 GHz, the proposed SSP LWA achieves a continuous beam scanning range of 65 • from forward to backward with stable high gains. As its primary advantage, this proposed SSP LWA does not lose radiation efficiency even at broadside, which is often suffered by conventional LWAs. Both the transmission characteristics of the SSP TL and the radiation mechanism of the SSP LWA are investigated. Finally, the proposed SSP LWA is designed, fabricated, and measured. The measured results agree well with the simulated ones over a wide operating frequency range, which validates its good performances. The proposed SSP LWAs provide a low-cost solution to planarly integrated communication systems.
I. INTRODUCTION
Leaky-wave antenna (LWA) has been widely used in a variety of wireless communications due to its attractive features of high radiation gain and frequency-dependent beam scanning capability. It is a kind of traveling-wave antennas to be operated under the fast wave radiation from the guided wave structures [1] . LWAs can be in general divided into two categories: uniform (or quasi-uniform) and periodic [2] .
Uniform or quasi-uniform LWAs operate in a fast
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guided-wave mode. For quasi-uniform LWA, the periodicity which is much less than a wavelength, is used to guide the wave and it plays no direct role in the radiation. These kinds of LWAs usually suffer from the limitation of frequency scanning in the front quadrant [3] . For periodic LWAs, its original guiding structure only support a fundamental mode of slow wave with respect to free space, but its space harmonic waves can be excited to generate a radiation which allows for backward-to-forward radiation [4] . However, there is often a low radiation efficiency at broadside because of the open stopband problem [5] . Conventional guiding structures for LWAs are rectangular waveguide [6] , [7] , substrate integrated Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
waveguide [8] , [9] , microstrip TL [10] , [11] , composite right/left-handed structures [12] , [13] , and so on. But these LWAs need to be usually fabricated on the very expensive substrate so as to avoid the high losses in the dielectric and ground [14] .
Spoof surface plasmon (SSP) structure supporting surface wave mode was proposed by Pendry et al. [15] . It shows that SSP can reproduce most of features of the natural surface plasmon polariton with similar dispersions and mode distributions. After that, a variety of SSP structures have been proposed, including the periodic grooves [16] , holes [17] , [18] , slit [19] , block [20] array, and heterostructures [21] . An ultrathin SSP TL has been realized by processing the samples on flexible material films with low cost PCB technology [22] . A coplanar waveguide (CPW) transition was widely used to excite the SSP wave with a high efficiency [23] .
As their high confinement, low profile and low loss, the SSP TLs are especially suitable for designing the microwave devices such as filters and antennas [24] - [29] . Subsequently, SSP TLs are widely used to design leakywave antennas (LWAs), dielectric resonator antennas, Vivaldi antennas and multibeam antennas [30] - [36] . Since its obvious advantages in high frequency, SSP structures are very attractive for applications in LWAs. However, there is a technical problem which needs to be promptly solved, that is, how to convert the high confinement slow wave on SSP TL into a fast wave. To radiate leaky waves into free space, an asymmetrical SSP TL is periodically modulated to achieve a continuous beam scanning LWA [37] . By decoupling spoof surface plasmon polaritons via phase gradient metasurface, frequency-dependent scanning radiation is exhibited in [38] and [39] . Patches as good radiators are used in antenna array fabricated on a spoof plasmonic waveguide [40] , [41] . These above three-dimensional or 3D structures do not demonstrate the single-conductor advantage of SSP. Next, the single layer structure is implemented in [42] - [45] . However, the lack of ground structure brings such SSP LWAs a drawback of double beams radiation which is an awkwardness in certain applications [42] - [45] . To overcome it, a ground plane was added in [46] which changed a SSP TL to a microstrip TL. An artificial magnetic conductor ground plane was introduced into the patch loaded SSP LWA, but it turned a single-layer conductor structure into a complex 3D structure [47] .
In this paper, we propose a lateral continuous beam scanning LWA based on a SSP TL which is grooved by rectangular slots in a metallic strip. The proposed LWA inherits the advantages of SSP with single conductor and low loss. It is fabricated on a FR4 substrate without ground plane. The single lateral beam can scan from forward to backward continuously without losing its radiation efficiency at broadside. The transmission characteristics of the SSP TL are studied. The radiation mechanism and performances of the SSP LWA are demonstrated and analyzed, respectively. 
II. SSP LEAKY WAVE ANTENNA DESIGN A. STRUCTURE OF SSP LWA
The geometrical configuration of the proposed SSP LWA is shown in Fig. 1 . The structure consists of three parts: transitions, SSP TL and radiation patches. It is fabricated on a single layer FR4 substrate with a dielectric constant of 4.3, a thickness of 0.5 mm and a loss tangent of 0.025. Its overall size is L × W = 404mm × 80mm.
In the transitions parts, the CPW feeders with length l 1 = 16 mm, are smoothly tapered and then connected to the SSP TL by two matching transitions with the length l 2 = 66 mm, the width a = 30 mm, and gap g = 0.5 mm. The whole transitions are formed by using the gradient slots to match the characteristic impedance of CPW to the SSP TL. Besides, the flaring grounds achieve the mode conversion from a quasi-TEM mode in CPW to the SSP mode. The ground sides are designed as an exponential curve to ensure an efficient matching in a broad band as y = f (x) = a · e kx +c, where k = ln2/l 2 , c = −a + g + b/2, and the coordinate origin is set at the beginning of transition.
In the SSP TL part, the slots are grooved periodically inside the metal strip with a period d = 4 mm, and a rectangular hole size of w = 1.6 mm, b = 4 mm and h = 3.5 mm as shown in Fig. 1 . Because of its symmetry in geometry, it is easy to match 50 with SMA connectors.
The radiating part is designed as a row of circular metallic patches to be placed at one side of SSP TL. The SSP LWA is readily designed with the physical dimensions, namely, radius r = 9 mm, the period space p = 28 mm, and the gap t = 1.5 mm.
B. STUDY ON CHARACTERISTICS OF SSP TL
The SSP TL is a single conductor transmission line supporting surface plasmon-like mode which is also a kind of surface wave. In optical frequencies, the surface plasmon polaritons (SPP) mode is formed by the interaction between free electrons and electromagnetic waves around metals. The SSP TL as a subwavelength artificial structure can implement the similar surface wave properties. Its transmission characteristics are studied as shown in Fig. 2 . The dispersion curves exhibits the SPP-like transmission behavior, and they present an asymptote to be mainly controlled by the height h of the rectangular holes as shown in Fig. 2(a) . The width w of the rectangular holes is not a major factor to affect its transmission behavior, as illustrated in Fig. 2(b) . As shown Fig. 2 , the dispersion curves of SSP TL with different height h deviate gradually from the light line. The larger the height h is, the higher is its confinements and the lower is its cut-off frequency.
C. ANALYSIS OF SSP LWA
In the proposed LWA, the SSP TL itself is a feeding structure where electromagnetic waves are tightly bounded to the TL in transmission mode. Periodical circular metallic patches are chosen to modulate the transmission line in order to couple and excite the unbounded radiation mode. Owing to the periodicity of structures, numerous spatial harmonics are excited according to the Floquet theory with the phase constants as follow:
where β n is the phase constant of the n th -order space harmonic and β 0 is the phase constant of the fundamental transmission mode, p is the modulation periodicity. It can be seen that to get a fast wave of space harmonics, it should be n < 0. The n = −1 space harmonic is usually chosen. Herein, the phase constant of −1 st -order harmonic is given by As such, the main beam direction of the LWA is calculated by
where k 0 is the wavenumber in free space. The dispersion diagram of the proposed SSP LWA is shown in Fig. 3 . Compared to the light line, the antenna works in a fast wave region from 5 GHz to 15 GHz. The broadside direction is associated at 8.9 GHz, the backward radiation works from 5 GHz to 8.9 GHz and the forward radiation works from 8.9 GHz to 15 GHz. To design the antenna, we take an example at broadside direction. From (2) and (3), we get β 0 = 2π/p, where β 0 can be read from k in Fig. 2 . Then the initial value of p can be set with 27mm. In fact, the final value after optimization is determined as 28 mm.
As the transmission wave is coupled from the SSP TL to the circular patches, it radiates as a space wave. As for the energy distribution shown in Fig. 4 , the strong coupling and large leakage efficiency are both achieved after the wave transmits through 9 patches. In order to obtain the maximum gain for spatial radiation, it is necessary to synthesize a uniform phase plane. The period space p is a key factor which dominantly determines the in-phase surface and the working frequency. Fig. 5 shows the phase distribution of the proposed SSP LWA at different frequencies. From the phase distribution, we could expect a good radiation characteristic both at forward and at backward directions.
The gap between the patches and TL only affects the coupling energy from transmission line, as shown in Fig. 6 (a) . The LWAs usually suffer from a low radiation efficiency at the broadside direction. However, in the proposed antenna, the size of circular patches determines the radiation and reflection energy. The relevant parametric studies are conducted as shown in Fig.6 (b) and they indicate that the properly selected radius of metal patches can effectively reduce the wave reflection while achieving efficient radiation at broadside direction at 9 GHz. Due to its asymmetrical modulation in transversal direction, the proposed SSP LWA can further achieve a lateral radiation with a single beam scanning as shown in Fig. 7 . Meanwhile, the proposed SSP LWA can overcome a disadvantage of double beams brought by nonexistence of ground in SSP TL. The reason is that the circular patches are loaded periodically on +y side of SSP TL. By choosing the proper size, the patches lead to a different phase delay in two opposite directions. That means electromagnetic field is in-phase at +y direction and outphase at -y direction. Hence, the power is mostly radiated to the +y direction and reduced in the −y direction. 
III. FABRICATED ANTENNA AND MEASURED RESULTS
A prototype of the proposed SSP LWA is then fabricated and tested with its geometrical parameters shown in Fig.1 . The prototype is fabricated on FR4, and its geometry is shown in Fig. 8 . Its simulated and measured scattering parameters are shown in Fig. 9 . Both measured and simulated reflection coefficients are below −15 dB, representing good impedance matching. Certain discrepancies are mainly due to the loss of connector assembly and measurement error. The measured and simulated transmission coefficients agree well and both of them are below −16 dB, illustrating a high efficient radiation.
The radiation patterns in the x−y plane as a function of operating frequencies are shown in Fig. 10 . It can be seen from Fig. 10 that the measured results are in good agreement with the simulated ones. By employing the periodic patches, the proposed LWA is able to continuously steer the main beam from backward to forward with a scanning range of 65 • by increasing the operating frequency from 7 GHz to 15 GHz. As shown in Fig. 11 , the proposed LWA achieves the stable high average gain of 12 dBi over a broadband range, and the high constant radiation efficiency above 95% over the entire operation band. This is because the circular patches are the broadband radiators, which avoid complex designs for constant gain and efficiency [48] , [49] .
IV. CONCLUSION
In this paper, a continuous single beam scanning LWA with lateral radiation is proposed. Due to the advantages of SSP, the proposed LWA is developed by using a planar single-layer conductor on the cheap FR4 substrate with high loss tangent. By implementing patches periodically modulated on one side of TL, the SSP wave is converted to the space wave with an efficiency of 95%. The proposed antenna achieves a high and stable gain with an average value of about 12 dBi. Furthermore, it can smoothly scan the main beam from forward to backward with scanning range of 65 • continuously as the operating frequency is increased from 7 GHZ to 15 GHz. The proposed antenna is then fabricated and measured to validate the working mechanism and predicted radiation performance of the presented SSP LWA. In addition, the proposed SSP LWA features easy integration and demonstrates its great potential for applications in millimeter-and terahertz-wave systems.
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